Formaldehyde is a ubiquitous volatile organic compound widely used for various industrial purposes.
Introduction
Formaldehyde (FA) is a ubiquitous volatile organic compound widely used for various industrial purposes as an adhesive and bonding agent in the manufacture of particle-board, plywood, furnitures and other wood products 1 . FA is utilized as a fixation product in pathology laboratories, an antimicrobial agent in cosmetics and is a by-product of cigarette smoke and automotive exhaust. FA is also released from products used in building materials such as particle board and carpet. FA exposure by inhalation has been associated with a number of toxic effects, as hepatotoxicity, neurotoxicity, reproductive toxicity, and respiratory toxicity 1 . In 1980, FA has been reported to be a carcinogen of the nasal epithelia of rats exposed by inhalation 2 . In 2006, FA has been reclassified by the International Agency for Research on Cancer as a human carcinogen (Group 1), based on sufficient evidence for a casual role for FA-induced nasopharyngeal cancer 1 . In 2012, FA has been classified as a human leukemogen based on epidemiological studies indicating an increased risk of leukemia 3 . FA exposure in occupational settings has been considered a number of times by the American Conference Governmental Industrial Hygienists (ACGIH), starting from 1946 until the current Ceiling limit value of 370 µg/m 3 has been adopted. A lower guideline value of 0.100 µg/m 3 has been estimated to be preventive of carcinogenic effects by the World Health Organization 4 .
The molecular mechanisms by which FA causes nasopharyngeal cancer are not completely understood 5 . Several studies showed that genotoxicity and cytotoxicity contribute together to the carcinogenic mode of action of FA in the nasal epithelia 1, 6 . FA related DNA-protein cross-links, chromosome mutations, sister-chromatid exchanges and micronuclei are considered relevant lesions 7 , but increased production of reactive oxygen species (ROS) and subsequent DNA damage and peroxidation of lipids plays a relevant role in FA-induced toxicity 8 . FA causes genetic damage to the nasal tissues of both experimental animals and humans exposed by inhalation 1 . In particular, FA causes the production of malondialdehyde (MDA), or more correctly β-hydroxyacrolein, a reactive lipid peroxidation by-product 8 .
MDA is an aldehyde capable of interacting with DNA to form 3-(2-deoxy-β-D-erythropentafuranosyl)pyrimido [1,2-α] purin-10(3H)-one deoxyguanosine (M 1 dG) adducts 9, 10 . Exocyclic M 1 dG
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Toxicology Research adducts, if not repaired, may block cell replication and cause base pair and frameshift mutations in repeated sequences 11, 12 . M 1 dG adducts have been associated with the loss of DNA methylation in the Long Interspersed Nuclear Element-1 repeated sequences, and in the promoter region of the inflammatory cytokine interleukin-6 gene 13, 14 . DNA mutations, as well altered patterns of DNA methylation are important hallmarks in carcinogenesis, and clinical studies indeed showed that enhanced levels of M 1 dG adducts may be linked to cancer development and tumor progression [15] [16] [17] [18] [19] . Exocyclic M 1 dG adducts reflect also the extent of various carcinogen exposures [20] [21] [22] , including to FA in pathology wards 23 . In particular, we have found that working in the reduction rooms and being exposed to FA at levels greater than 66 μg/m 3 was associated with increased generation of M 1 dG adducts 23 .
In the present study, we have examined the mechanisms of FA-induced toxicity in the nasal epithelia of plastic laminate plant workers, hence in the target site for FA-induced nasal carcinogenesis. Our approach consisted of conducting of a cross-sectional study aimed to compare the frequency of M 1 dG adducts, a biomarker of oxidative stress and lipid peroxidation [21] [22] [23] [24] [25] , in the nasal epithelia of FA workers in respect to controls. DNA damage measurement, analyzing exfoliated nasal epithelial cells is considered a promising approach for the detection of genotoxic compounds in the occupational setting 16, 20, 21, [26] [27] [28] , because these cells may be obtained easily by nasal brushing, a minimal invasive method 16 . M 1 dG adducts have been examined in the nasal epithelial cells using the 32 P-DNA postlabeling technique 25, [29] [30] [31] [32] , whereas the indoor levels of FA have been measured using passive personal air samplers using the gaschromatography mass-spectrometry (GC-MS) technique 23, 33, 34 . Tobacco smoking status has been also estimated by measuring the levels of urinary cotinine, an indicator of tobacco smoke exposure 35 , using the GC-MS assay 33, 36, 37 .
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Experimental
Study population
The plastic laminate plant, where the study was conducted, is located in a wide area in the suburbs of Bra, a town counting 30,000 inhabitants, in the Province of Cuneo, Piedmont region, North-Western Italy. The decorative laminate sheeting produced in that plant is made of melamine and phenolic resins reacting with FA during the thermosetting process. The resins are laminated onto layers of kraft paper topped with a decorative sheet. Extractor hoods were regularly active in the plastic laminate plant, whereas personal protective equipment were provided and available as well (e.g. mask), but they were not regularly used by all the workers. The underlying basic population consisted of workers of a plastic laminate plant, whereas controls were subjects without occupational history in industries entailing exposure to known or suspected carcinogens. The final database included 95 male volunteers, 44 ± 10 years, and 40% current smokers.
There were 50 FA workers, 41.0 ± 10 years, 44% current smokers, and 45 office personnel, as control group, 47 ± 9.0 years, 36% current smokers; the latter living in residential areas with no proximity to major airpollution sources. Participation rates were ~95% in each study group.
Study procedures were performed in accordance with the guidelines of the General Hospital Institutional Committee that reviewed and approved the protocol. FA workers and the other subjects were contacted by the local health services. Signed informed consent to participate to the study was obtained from all the volunteers before nasal brushing collection. There were not enough women employed in the plant, so most of the workers who have given their written informed consent were males, therefore women were excluded from the study. A standardized life style questionnaire aimed to collect standard demographic and life-style data, including age, tobacco cigarette smoking and occupational status was filled by each participant before biological sampling collection. In detail, the description of smoking status for all the participants has been established a-priori. Never and former smokers from at least one month were classified such as non-smokers, whereas subjects who smoked at least one cigarette per day were
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Personal dosimeter
Indoor FA samples were collected for a whole working shift (8 hours) using passive personal air samplers working with radial symmetry (Radiello®), clipped near the breathing zone of the subject, as previously described 23, 33, 34 . The personal air-samplers were equipped with a specific sorbent tube containing [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] florisil mesh coated with 2,4-dinitrophenylhydrazine (DNPH). DNPH reacts with FA yielding 2,4dinitrophenylhydrazone which was subsequently quantified by GC-MS technique. Cartridges were stored at -80°C until analysis. In brief, every sample was eluted with toluene (3 ml) and shaken for 15 min at room temperature. Then, an aliquot was injected in a GC-MS system, e.g. a capillary gas chromatograph (Agilent Technology 6890) interfaced to a single quadrupole mass spectrometer (Agilent Technology 5973 MSD). A Gerstel CIS4 PTV injection system utilized an initial temperature of 65 °C followed by heating at 5 °C/s; with a final temperature of 320 °C, held for 10 min. The injection volume was 2 µl in splitless mode. The capillary column used was a HP-5MS 30m×0.25mm×0.25µm film thickness. The initial column temperature was 70°C, and increased at 20°C/min up to 220°C, and then increased at 30°C/min up to 300°C. The carrier gas was ultrapure He (1.0 ml/min). The transfer-line temperature was set at 280°C. MS operated in electron impact and Selected Ion Monitoring mode. The monitored m/z values for FA were 63, 79, 180 and 210, while the ones for the internal standard (isovaleraldehyde-DNPH) were 177, 206, 223 and 166. Calibration curve was built by fortifying 3 ml of toluene so as to obtain a concentration ranging from 0.10 µg/ml to 10 µg/ml. The fortified toluene was analyzed as for the samples. The detection limit was calculated as the sample concentration providing a signal-to-noise ratio of 3. The quantification limit was considered to be twice the detection limit value. The detection limit and quantification limit were 0.05 and 0.10 µg/ml, respectively. CV were <5%.
Urinary cotinine
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Aliquots of fresh urine were collected for cotinine quantification in the early morning and approximately at the same time from all the participants to the study, and stored at −80 °C prior to analysis, performed within 20 working days, as previously described 33, 36 . Urinary creatinine (crea) was determined by the kinetic Jaffé procedure 38 so as to normalize the excretion rate of urinary cotinine. Ten ml of urine was transferred into a glass tube and 4 g NaCl, 500 μl 5M NaOH and 10 μl of cotinine-d3 (internal standard) were added. Then, for two times, 2 ml CHCl 3 were added to the sample to perform liquid-liquid extraction which was carried out in a shaking wheel for 15 min. Sample was then centrifuged for 10 min at 1000 g and the resulting organic phase was collected in a new glass tube and evaporated to dryness in a rotary evaporator at room temperature. The dry residue was reconstituted in 200 μl of CHCl 3 and transferred into a conical vial for GC-MS determination 36 . The GC-MS analysis was performed using an Agilent Technologies 6890 GC, interfaced to a 5973 MSD Inert Agilent mass spectrometer. A Gerstel CIS4 PTV injection system utilized an initial temperature of 50 °C followed by heating at 10 °C/s; with a final temperature of 300 °C, held for 10 min. The injection volume was 1 μl in the split mode. The capillary column used was a HP-5MS 30m×0.25mm×0.25 μm film thickness. The initial column temperature was 50 °C, increased at 15 °C/min up to 300 °C. The carrier gas was ultrapure Helium (1.0 ml/min). The transfer-line temperature was set at 280 °C. The MS operated in electron impact and SIM mode. The monitored m/z values for cotinine were: 98, 118, 176; while the ones for the internal standard were 101, 121, 179. The cotinine calibration curve was built by fortifying a blank urine pool of non-smoking subjects, to obtain a concentration range from 0.02 µg/ml to 2 µg/ml. The fortified urine was extracted as for the samples. LOD and LOQ were, respectively, 0.01 µg/ml and 0.02 µg/ml. CV calculated to test repeatability were below 5% for cotinine and internal standard.
Nasal brushing
Nasal epithelial samples were collected at the end of the working shift in the middle of week from the lower turbinate in each nostrils with a PAP test cytobrush during work attendance, after having gently washed the nasal cavity of volunteers with saline solution and cleaning it with a cotton swab 16, 39 . Since the
Page 11 of 26
Toxicology Research surface of the nasal cavity is generally covered in a thin blanket of clear mucus, which serves to trap any particulates, brushing cells were incubated with 10% acetylcysteine for 30 min (100 cycles/min shaking frequency) at room temperature to break down the mucus gel structure. Nasal cell pellets were kept at -80°C until DNA extraction.
P-DNA postlabeling assay
DNA was extracted using a method that requires RNase and proteinase treatments and the extraction with organic solvents 40, 41 . M 1 dG in the brushing samples of FA workers and controls were measured using a modified version of the 32 P-DNA postlabeling assay 22 , that was developed in our laboratory for the specific detection of M 1 dG adducts in the genomic DNA 29 . This 32 P-postlabeling version is highly sensitive for the analysis of oxidative DNA adducts caused from various environmental carcinogens, including ROSgenerating chemicals 32, [42] [43] [44] . M 1 dG adducts were then expressed as relative adduct labelling (RAL) = pixels in adducted nucleotides/pixels in normal nucleotides. M 1 dG levels were corrected across experiments based in the recovery of the reference standard, that was prepared as previously reported 23 . The presence of M 1 dG adducts in the reference standard was confirmed by matrix-assisted laser desorption/ionization time-of-flight-mass-spectrometry (MALDI-TOF-MS) 23 . Higher specificity of the 32 P-labeling technique is obtained using appropriated reference standards 40, 41, 45 , thus, co-chromatography was utilized to confirm the identity of adduct spots detected in the study population, as previously described 20 .
Statistical analysis
The levels of M 1 dG adducts were expressed as adducted nucleotides per 10 8 Subsequently, a multiple regression model adjusted for confounding factors was used to evaluate the correlation between the levels of M 1 dG adducts with the concentrations of urinary cotinine. All statistical tests were two-sided and p<0.05 was considered to be statistically significant. The data were analyzed using SPSS 13.0 (IBM SPSS Statistics, New York, NY). between these two limits, and since we have measured the exposure for 8 hours of work, we preferred to refer to the most used limit at international level, the TLV Ceiling (TLV-C) limit value of 370 µg/m 3 , which refers to the limit that must not be exceeded in 15 minutes. The TLV-C is currently used as reference level and it represents the most common and comprehensive limit internationally adopted to quantify the health protection against FA occupational exposure.
Results
Personal formaldehyde exposure
The GC-MS results showed that the indoor levels of FA were significantly increased, up to 6-fold, in the workers of the plastic laminate plant as compared to the controls, P < 0.001 (Table 1) . Specifically, the levels of FA experienced from the FA workers and the controls were 211.4 ± 14.8 standard error (SE) µg/m 3 and 35.2 ± 3.4 (SE) µg/m 3 , respectively, P <0.001. The FA concentrations ranged from 49 to 444 µg/m 3 for the FA workers, and from 16 to 110 µg/m 3 for the controls. There were three subjects that showed personal exposure levels greater than 370 µg/m 3 , the reference level that should not be exceeded according to the ACGIH. When smoking habit and age have been considered, the concentrations of FA were not found to be associated with smoking, whereas an effect of age was found with older people having
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Urinary cotinine
Tobacco smoke is a known source of air pollutants, including FA and other carcinogen agents 1, 46 . To estimate the smoking status of the study population, the urinary cotinine was measured by the GC-MS assay 33, 37 , since this nicotine metabolite is considered to be a reliable indicator of tobacco smoking 35 . The GC-MS analysis showed that the levels of urinary cotinine were 1064 ± 118 ng/ml and 14.18 ± 2.5 ng/ml in smokers and non-smokers, respectively, P < 0.001. The concentrations of urinary cotinine ranged from 1.0 to 3306.1 ng/ml for the FA workers, and from 0.80 to 1644.4 ng/ml for the controls. After categorization for occupational exposure, the urinary cotinine levels were 1551.9 ± 186 ng/ml and 16.6 ± 6.8 ng/ml in smoker and non-smoker workers, respectively, P < 0.001, and 595.1 ± 110 ng/ml and 17.4 ± 2.2 ng/ml in smoker and non-smoker controls, respectively, P < 0.001.
M 1 dG adducts
To look for the exocyclic M 1 dG adducts caused by occupational exposure to FA, we analyzed the amount of exocyclic DNA adducts in the nasal epithelia of the plastic laminate plant workers using the 32 P-postlabeling technique 22, 25, 32 . A characteristic pattern of M 1 dG adduct spot was detected in the chromatographic plates of the study population. The intensity of M 1 dG adduct spots was generally stronger in the chromatograms of the FA workers compared to controls. The presence of M 1 dG adducts in the DNA extracted and purified from the nasal brushing samples of the FA exposed workers was confirmed by co-chromatography.
When we have examined the levels of exocyclic M 1 dG adducts in the nasal epithelia of the FA workers, our findings showed that the adduct frequency was significantly higher, up to 2-fold, within the workers exposed to FA (Table 2 ). Next, the relationship between the levels of personal FA exposures and the generation of M 1 dG adducts has been evaluated by subgrouping the study population accordingly to a previous paper 23 . After stratification, we found that the levels of M 1 dG adducts were significantly higher in the groups of subjects exposed to more than 66 µg/m 3 . In brief, the levels of M 1 dG adducts were 111.6 ± 14.3 (SE) in the plastic laminate plant workers, and 49.6 ± 3.4 (SE) in the group of controls, P < 0.001, after adjusting for confounding factors. The amount of M 1 dG adducts was 82.0 ± 12 (SE) in the current smokers, and 82.4 ± 11 (SE) in the non-smokers, P = 0.637. Next, in stratifying for personal FA exposures, the levels of M 1 dG adducts in subjects that were exposed to FA levels higher than 66 µg/m 3 were significantly higher as compared to those exposed to values of FA lower that 25 µg/m 3 , P = 0.001, after correction for confounding factors. A significant trend was present, P-value for trend = 0.002, with the highest levels of M 1 dG adducts in the subjects exposed to levels of FA higher than 66 µg/m 3 , and with intermediate amounts in those that were exposed to 25-66 µg/m 3 FA values ( Table 2) .
No influence of smoking and age on DNA damage was observed in the study population. However, when we have stratified by occupational exposure, a significant effect of smoking on M 1 dG adducts was found in the group of the controls, P = 0.018, but not in the plant workers, P = 0.661. Furthermore, when
we have examined the association between the production of the exocyclic DNA adducts and the concentrations of cotinine in the urine of the controls, the multivariate regression analysis showed that the levels of DNA damage were significantly correlated with the levels of urinary cotinine, regression coefficient (β) = 0.494 ± 0.000 (SE), P < 0.002, after correction for confounding factors.
Discussion
Since the molecular mechanisms by which FA causes nasopharyngeal cancer are not completely understood 5 , we have conducted a mechanistic study to evaluate the association between M 1 dG adducts, a biomarker of oxidative stress and lipid peroxidation [21] [22] [23] [24] [25] The personal air monitoring results indicated that the indoor levels of FA exposure experienced from the plastic laminate plant workers were significantly higher as compared to controls, but with three workers showing FA exposure levels that exceeded the ACGIH regulatory limit of 370 μg/m 3 . Good environmental work conditions and health status suggested that these high values might essentially be caused from improper work behavior by some workers, rather than by improper working conditions. On the other hand, controls showed indoor levels of FA exposure equal to 40 μg/m 3 , and for 10% of the control subjects FA exposure levels exceeded 70 μg/m 3 levels, indicating that some subjects were exposed to other Nasal epithelia was adopted since this tissue constitutes the portal-of-entry of air FA, where this chemical induces toxic effects due to its high reactivity 48 . Nasal epithelia is commonly represented from the 75% of columnar surface epithelium, the 14% of other epithelial cells, the 11% of neutrophils, the 0.07% of eosinophils and the 0.2% lymphocytes. A part from the potential value of the nasal epithelial cells for the prediction of cancer risk of the respiratory tract 16, 27 , the use of nasal epithelia may allow mechanistic studies of various carcinogens, including those contained in tobacco smoke 16, 39 , industrial air pollution [20] [21] [22] 28 , and hair-dyeing 49 . Additionally, the patterns of Phase I enzymes, that have an important role in the production of ROS during the metabolism of a number of carcinogens 50 , are qualitatively different in the respiratory tract than in other tissues 51 .
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As previously mentioned, the levels of M 1 dG adducts were measured in the nasal epithelia to investigate the molecular mechanisms in the target site for FA-induced nasal carcinogenesis, since the formation of DNA damage in this region reflects the genotoxic action of FA as well the actions of mediators released from the nasal epithelial cells following the inhalation of this compound. The main outcome of the present study showed that the production of exocyclic DNA adducts was detected in the nasal epithelia of FA workers; indeed, the levels of M 1 dG adducts of the FA professionally exposed workers were significantly higher as compared to the controls, although the mean FA value experienced from the plastic laminate plant workers was lower than the ACGIH reference level limit. This significant association persisted also when personal air samplers were used to measure the extent of indoor levels of FA exposure. Interestingly, the analysis of the dose-response relationship between DNA damage and the mean FA levels showed a significant increment of M 1 dG adducts only in the subjects that were exposed to indoor levels of FA higher than 66 µg/m 3 , but not in those exposed to lower FA concentrations. Our findings are in line with previous studies of our group reporting increased levels of oxidative stress and protein adducts in FA workers using a biomarker approach 33, 34 . In those studies, the relationships between the concentration of FA in the atmosphere and the levels of urinary of 15-F2t isoprostane, a biomarker of oxidative stress 34 , and the formation of N-methylenvaline, a covalent molecular adduct of FA with primary amino groups of the hemoglobin 33 , were examined in different FA exposed groups, including technicians of pathology wards and workers of the plastic laminate plants. The workers professionally exposed to FA in the above occupational settings had significantly increased levels of biomarkers of oxidative stress or hemoglobin alkylation in respect to the controls.
Plastic laminate plant workers are generally exposed to FA emitted by pressed-wood products employed in home construction, in furnishings containing urea-FA resins and phenolformaldehyde resin.
Therefore, high levels of exocyclic DNA adducts may be caused by altered cellular redox state and ROS production, including singlet oxygen, superoxide anion, hydrogen peroxide and hydroxyl radical. Indeed, FA exposure is associated to increased ROS and the cytochrome P450 1A1 enzyme levels as well to the glutathione and the glutathione S-transferase theta 1 decreased amounts in experimental animals 52 . FA induces oxidative stress by different mechanisms, as by the inhibition of scavenger systems and the activation of oxidases. FA is a substrate for the action of the cytochrome P450 2E2 isozyme and is oxidized by peroxidase, aldehyde oxidase and xanthine oxidase with free radical production 53 . A pathway independent from MDA is also involved in the M 1 dG generation. Indeed, it was proposed a mechanism in which M 1 dG adducts are formed directly upon ROS exposure through base propenals 54 . Impaired antioxidant enzyme activities in the metabolic detoxification of oxidative by-products were also associated to in vivo FA treatments 53, 55 . FA exposure also leads to inflammation and to a consequent excess of ROS 31, 56 . ROS, as hydrogen peroxide and hypochlorite acid, are indeed generated from the oxidative burst of activated alveolar macrophages and neutrophils 31 .
The genomic mechanisms of instability and the cellular tolerance pathways associated with FA exposure seem to be a key point in the mutation arising, even if it is not fully characterized 57 . Many studies have shown that FA is genotoxic and mutagenic in vitro in various kinds of mammalian cells including cultured human blood and human nasal epithelial cells. FA induces DNA-protein crosslinks, sister chromatid exchanges, micronuclei, chromosome aberrations and, to a lesser extent, gene mutations 58 . We have analyzed chromosomal aberrations in peripheral blood lymphocytes from workers in pathology wards who have been exposed to FA, compared with a group of unexposed subjects, as well as for the glutathione S-transferase Mu 1 and the glutatione S-transferasi theta 1 metabolic gene polymorphisms. The exposed subjects showed a significant increase in the frequency of chromosomal aberrations per cell and in the percentage of cells with aberrations compared to control subjects. Findings demonstrate that air FA induces chromosomal aberrations even consequently to low levels of daily exposure, indicating an increased risk of genetic damage for workers exposed to FA 59 . Additionally, M 1 dG adducts are a form of DNA damage that is quite persistent, with a relatively long half-life of 12.5 days 60 . If unrepaired, M 1 dG adducts may result in base pair substitutions, e.g. M 1 dG → A ∼ T > C, and frameshift mutations 61 .
The role of smoking habit was investigated in the present study, but a significant influence of tobacco smoking on M 1 dG adducts has been only found in the group of controls, where the generation of DNA damage was linearly correlated to the levels of urinary cotinine, a major proximate metabolite of nicotine, that is oxidized in the liver by the cytochrome P450 2A6 enzyme and distributed in various body fluids 35 . Indeed, although the smoker workers had an increase of cotinine like the controls, the levels of DNA damage in their nasal epithelia were not correlated to the amounts of urinary cotinine. This finding is in agreement with previous studies reporting higher M 1 dG levels in smokers 23 22, 62 , but other studies did not report significant differences by smoking status 18, 63 . The association with tobacco smoking in the group of the controls appears expected because smokers inhale a broad range of chemical compounds derived from tobacco and pyrolysis products, including free radicals involved in oxidative damage and peroxidation of lipids, which induce exocyclic DNA adducts. The generation of M 1 dG adducts is indeed promoted by a secondary reaction, that is induced by any reactive species capable of inducing oxidative stress, such as those contained in the tobacco smoke. Whereas it is possible that the the effects of smoking were not discerned in the occupational exposed workers because they were small compared to the FA exposure, we have to point out that we have only analyzed a single DNA adduct, whereas cigarette smoking may induce many different types of DNA adducts.
Strengths of our study were that the indoor levels of FA were measured using passive personal air dosimeters by GC-MS 34 , whereas the levels of exocyclic DNA adducts were detected using the 32 Ppostlabeling assay , a technique knows to be sensitive for the detection of various kind of DNA damage, including M 1 dG adducts 22, 25, 32 . A good repeatability of 32 P-postlabeling measurements was also reported for this assay 44, 64 . Nevertheless, this method is unable to determine the precise DNA adduct structure, unless if the technique is combined with appropriate internal standards 40, 41 , or coupled with MALDI-TOF-MS techniques 23 , as in the present study. The exact assessment of the smoking habit is important to investigate the influence of tobacco smoke exposure on biomarkers of carcinogenesis, thus, a next strength was that the smoking status was also estimated by measuring the concentrations of urinary cotinine by GC-MS 37 .
Conclusions
To evaluate the potential mechanisms underlying the pathogenesis of nasopharyngeal cancer, we have examined the scientific literature regarding potential interactions between FA and carcinogenic effects 1 .
Cytotoxicity related cellular proliferation is considered as a possible mechanism of carcinogenicity of FA, whereas the typical genotoxic pattern in multiple in vitro models and in exposed humans and laboratory animals showed various types of DNA damage, such as DNA-protein cross-links, DNA cross-links, nucleotide base adducts and mutations, and micronuclei 1 . Herein, the observation that exocyclic M 1 dG adducts were produced in the nasal epithelia of the FA workers reflects an additional potential mechanism of FA-induced toxicity, as well of FA-related carcinogenesis. Nevertheless, it is not possible to conclude that this damage was solely due to FA, since there are other chemicals to which workers were exposed. Excess ROS generation exerts detrimental effects in the nasal epithelial cells through attack on DNA and inner membrane lipids causing increased DNA oxidation and peroxidation of lipids. If this damage is unrepaired, persistent M 1 dG lesions 60 may lead to specific cellular responses, such as mutations 61 and inhibition of DNA transcription at adduct sites 65 . Persistent DNA damage may ultimately contribute to the general decline of the physiological mechanisms designed to maintain cellular homeostasis, including cell death, senescence, uncontrolled proliferation and genome instability. Table 2 . Mean levels of 3-(2-deoxy-β-D-erythro-pentafuranosyl)pyrimido[1,2-α]purin-10(3H)-one deoxyguanosine (M 1 dG) adducts per 10 8 normal nucleotides in the nasal epithelia of workers occupationally exposed to formaldehyde as compared to the controls, and according to study variables. The generation of M 1 dG adducts can constitute an additional molecular mechanism for formaldehyde-induced nasal carcinogenesis. 
